HIGHLIGHTS
• P.stutzeri DSMZ 5190 viable cells show greater ability to convert nitrate to nitrogen gas
• Agar layer as carrier shows good characteristics for biocleaning technologies
• P. stutzeri cells efficiently remove nitrate salt efflorescence from wall paintings
• This approach is specific and respectful to wall painting and environment
•
The microorganisms adopted are nonpathogenic and not spore forming The formation of salt efflorescence on the surface of wall paintings is one of the most important 27 mechanisms of art works deterioration on indoor environments. The precipitation of the salt exerts a 28 pressure on the wall due to the increased volume of the crystals while growing. This situation 29 generates traction forces that can exceed the strength of the material generating micro-cracks in the 30 wall painting (Domenech and Yusa 2006). 31 32
BIOCLEANING OF NITRATE ALTERATIONS ON WALL PAINTINGS BY PSEUDOMONAS STUTZERI
These types of insoluble crusts are usually treated by restorers using physicochemical methods which 33 in most of the cases are inadequate to the artwork since they are aggressive, invasive, non selective 34 and require long application times. Moreover, the use of these methods can cause 1) changes in 35 color, 2) movement of salts in the material structure, 3) excessive removal of original material... 36
Likewise, these techniques often use toxic substances, exposing workers to a risk during treatment 37 and introducing environmentally undesirable toxic elements (Cappitelli et al. 2007 ). advantages over the traditional physical-chemical cleaning treatments and enzymes, especially when 45 the substances to remove are complex and incrusted. In these cases, the physical and chemical 46 methods must be drastic and occasionally cause irreparable damage to the wall paintings. Enzymes 47 due to their substrate-specific activity are not able to degrade complex substances, because it would 48 require a mixture of enzymes very difficult to use together. Nevertheless, bacteria, thanks to its gene 49 induction mechanisms, are able to adapt themselves to different environmental conditions and 50 nutrients, synthesizing the enzymes they need to survive in any specific situation (Ranalli and Sorlini 51 2007) . Biocleaning of wall painting has different advantages, compared with traditional restoration 52 treatments, since they are non toxic, non aggressive, non invasive and highly specific. Besides, it has 53 been reported that the use of microorganisms for the cleaning of work art is more efficient been able 54 to clean more homogeneously and preserving intact the patina noble (Cappitelli et into an oven at 60-100 °C for 6 hours and left at room temperature about 13 hours. This process is 191 repeated 3 times until whitish efflorescence appear on the surface (see Fig.2 The area selected of the Santos Juanes church wall painting for the in-situ experiments was a lunette 220 with one square meter surface covered with white salt efflorescence. The main chemical 221 composition of the salt efflorescence was sampled and analyzed. Representative areas of around 10 222
x 10 cm were selected and two tests were performed in triplicate: i) japanese paper + P. stutzeri 223 DSMZ 5190 strain + agar; ii) japanese paper + water + agar as a negative control. The agar layers used 224 in the preliminary test were circles of 90mm diameter and 1cm depth. The time were the bacteria 225 were in contact with the surface of study was 90 minutes and in constant temperature of 25ºC ± 4ºC 226 was maintained during the treatment to ensure a correct metabolic activity of the bacteria. After 227 treatments, agar and japanese paper was removed and the surface was cleaned of bacteria with 228 sterile water to avoid undesired metabolic processes and original material damage. The wall painting 229 surface was dried at room temperature and micro-samples of all the control and biocleaned areas 230
were taken for microbiological and chemical analysis. 231 232 2.9. Large-scale biocleaning of the Santos Juanes church wall Paintings 233 234
The area selected for the large-scale biocleaning was the same selected for the in-situ experiments. 235
On the basis of preliminary analysis, we decided to extend the biocleaning process to the rest of the 236 one square meter surface lunette following the same protocol described above. The lunette was 237 fully-covered with Japanese paper, the 10 10 CFU ml -1 cell suspensions was applied over the paper 238 with a sterile brush, and large agar layers were used to cover the entire surface. Treatment was kept 239 for 90 minutes with constant temperature of 25ºC ± 4ºC, and after the established time, agar and 240 Japanese paper were removed and the surface was carefully cleaned with sterile distillated water 241 and let them to get dried. ) found on the infrared absorbance spectrum on the Fig. 3 ., and on the Ray X 257 SEM spectrum from a micro-sample were the 100% of the element found was potassium nitrate. did not reduce nitrate into nitrite but into molecular nitrogen (see Table 1 ). 277 278
On the basis of results comparing the bacterial ability to convert nitrate to nitrogen gas, we decided 279 to adopt P. stutzeri strain DSMZ 5190 owing to the greater efficiency showed. In fact, P.stutzeri DSMZ 280 5190 strain was able to convert the double concentration (twice content) of nitrate into molecular 281 nitrogen at slightly lower amount of bacteria (9.1*10 8 CFU ml Using simulating wall painting covered with salt efflorescence, we study which was the best 296 application support for the bacteria and the best methodology and application conditions. Cotton, 297 sepiolita (Pansil 100, CTS), carbogel (CTS), European bacteriological agar (Conda Lab S.A. Pronadisa) 298 and agarose (Conda Lab S.A. Pronadisa) were tested with or without Japanese paper behind it. 299
Hydrophilic and sterile wet cotton was applied to the lab trials as a homogeneous layer. Sepiolita was 300 prepared diluting 60g in distilled and sterile water, and carbogel was prepared to a final 2% 301 concentration. In both cases pH was adjusted to 7 and carriers were applied to the lab trials with 302 sterile spatula leaving a thin layer (2-4mm high). Agar and agarose powder were diluted in distilled 303
water to a final concentration of 2% autoclaved and placed in plastic mold with the desired size to 304 get a thin layer of 5mm high. 305 306
These lab trial tests show that, in general, is more adequate to use Japanese paper because gives 307 protection to the wall painting and allows a proper removing of the application supports. It is also 308 observed that sepiolita and carbogel leave rests on the cleaned surface and can cause stains, 309 confirming previous studies (Casanova 2008). Cotton, agar and agarose show better results when 310 applied in horizontal surfaces (Bosch et al. 2011). However when assayed on vertical surfaces the 311 cotton causes water marks due to water leak and produces a heterogeneous clean due to the gravity 312 effect of water and bacteria accumulation at the bottom of the cotton (Fig. 4.) . Nevertheless, agar 313 and agarose don't leave marks or rest on the surface and clean homogeneously, showing better 314 results. The fact that agarose is more expensive than agar decide to conduct the in-situ experiments 315 using agar. 316 317
The trials on the laboratory also determine that the optimal time of treatment was 90minutes. On 318 the assayed four different times 90minutes, 3h, 8h and 24h, the cleaning results were good enough 319 after 90minutes treatment. These lab trials also let us to define an adequate biocleaning protocol by 320 using Japanese paper to protect the painting layer. 321 322 3.4. The area treated with bacteria covered a square meter and the wall painting on that area represents 334 an eagle. Approximately 10 10 CFU ml -1 P. stutzeri DSMZ 5190 were directly applied in sterile water 335 solution with a sterile brush over a Japanese paper. On top of it a thin (5mm hight) 2% concentration 336 agar layer, previously prepared on the laboratory with adequate plastic mold and carefully 337 transported to the church, was placed to give the adequate humidity for the bacterial action. We use 338 agar and water (without bacteria) as a negative control in different areas. The environmental 339 temperature was maintained around 25ºC ± 4ºC during the treatment. 340 341
After 1hour and 30 minutes of treatment, agar and Japanese paper was removed and the treated 342 surface was delicately cleaned with sterile water. Strikingly, once the surface was dried we were able 343 to notice that the salt efflorescence was completely disappeared (Fig. 6) . These results show that the cleaning 368 treatments applied to the wall painting (agar plus bacteria) after a month did not change the colony 369 forming units normally present on the wall painting. Therefore, we conclude that the residual 370 bacteria on the art work after the treatment is insignificant compared with the number of P. stutzeri 371 applied solution used for the biocleaning treatment, which showed an ATP media value of 1716,980 372 RLU per ml -1 correlated to a viable cells media value of 10 10 CFU ml -1 . 373 374
We also check on the contact plates sampled one month after the treatment, the presence of P. 375 stutzeri with biochemical API-20NE assays and the results were negative. Therefore we conclude that 376 the biocleaning treatment did not leave any P. stutzeri on the cleaned surface. 377 378 4. Discussion 379 380
This work demonstrate that short term (90min) application of P. stutzeri DSMZ 5190 in agar can give 381 a good cleaning of insoluble nitrate efflorescence deposited on wall painting surfaces. As the Ion 382 chromatography proved a reduction of nitrate efflorescence of 92%. We also show that agar is a 383 successful application support for biocleaning of wall paintings, and we speculate that could be used 384 in other mineral surfaces. Agar is able to give an adequate water supply to the bacteria, releasing the 385 water only on the surface and with a uniform and controlled way without affecting the art work. The 386 agar is reversible and does not leave any stain or residue on the art work, it is easy to apply and to 387 remove at the end of the treatment, and it is no toxic for the people in his manipulation and 388 environmental responsible. This new application support is able to reduce risks to the fresco also 389 because minimizes the volume of water filtering inside the fresco and the time of contact. The fact 390 that they clean so fast is important since it has been demonstrate that long periods of contact times 391 causes damage to the art work like precipitation of sulfide acids when sulfate-reducing bacteria are 392 used (Ranalli et al. 2000) , or swelling and detachment of wall painting fragments (Lustrato et al. 393 2012) . 394 395
We also show in this work, the importance of the short, middle and long term monitoring of the 396 biocleaning treatment. The monitoring should be able to control that any P. stutzeri, water or rests of 397 the application support (agar in this case) are leaved on the treated art work surface. Abundant rests 398 of bacteria, water or agar on the treated surface could enhance the possibility that other 399 microorganisms growth such us fungi that eventually could cause biodegradation in the wall painting. 400
As we have exposed here, this can easily be avoided by a carefully clean and dry of the surface after 401 the bacteria treatment. , colony forming units of P. stutzeri inoculated to the nitrate broth medium. 
